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Pine pitch canker (PPC), caused by Fusarium circinatum
Nirenberg O'Donnell (= F. subglutinans [Wollenweb and Reinking] Nelson, Toussoun, and Marasas f. sp. pini [teleomorph: Gibberella circinata Nirenberg and O'Donnell]; Hypocreales) is a destructive disease of Pinus radiata (Monterey pine) and several other pine species. Symptoms include brown flagging of twigs and branch dieback caused by resin-soaked cankers, often leading to tree death. PPC is believed to be endemic in the southeastern United States and Mexico (15, 17, 19, 24) , and to have been introduced more recently into South Africa (33) , Japan (4) , and Chile (32) . PPC was detected in California for the first time in 1986 (8) , and since then is spreading in both natural habitats of Monterey pines and planted areas, causing significant ecological and economical damage. According to fossil evidence, Monterey pine was once considerably more widespread on Californian coast ranges than currently (26) . At present, only three native populations of Monterey pines are found in California; native Monterey pines also grow on two small Pacific islands in Northwestern Mexico. Due to the limited size of remaining native stands, all are seriously endangered by the impact of PPC; furthermore, PPC represents a serious threat for the survival of the extensive Monterey pine plantations established in several countries around the globe.
Understanding of the epidemiology of PPC remains limited, in particular there is only very limited information on the airborne spore load of F. circinatum. Although spores have been found associated with several insect species in the families Scolitydae, Anobiidae, and Cercopidae (13, 16) , the role played by putative insect vectors is unclear and mostly based on coincidental observations rather than on true experimental evidence. The presence of significant spore loads in the air may challenge the hypothesis of a generalized vectoring role played by insects, and require a better understanding of temporal and spatial patterns of spore dispersal, as well as of correlation patterns between inoculum load and severity of plant symptoms.
Dispersal of airborne inoculum (conidia) is well documented to be the key for the spread of several plant diseases, including some caused by Fusaria spp. (e.g., wheat head blight [10, 12, 22, 36] ). In general, active spore sampling is well established in some economically important agricultural crops for the early detection of inoculum and consequently for modeling and defense of fungal infections (e.g., the use of Burkard traps in apple orchards [7, 12, 21] ), but such systems have not been deployed to study the aerobiology of forest pathogens. To date, most studies on the aerobiology of forest fungi (8, 14, 23, 24, 25, 27, 29 , reviewed in 11) are instead based on passive trapping methods. Using passive trapping methods, the deposition rates of forest fungi have been studied by allowing spores to land on inert surfaces including microscope slides, petri dishes, freshly-cut wood surfaces, and filter paper among many others. Once captured on trapping surfaces, spores have been counted and identified either using microscopic observation or allowing spores to germinate and produce morphologically distinct colonies (14, 23) . In some instances, successful mating with haploid colonies previously grown on trapping surfaces has been employed to target only a specific fungus (24) , and, more recently, DNA based markers have been used to identify and quantify spore loads without the need for identification or culturing (28, 29) . Although the literature using passive spore traps in forest systems is extensive, it should be noted that such passive trapping approaches do not account for the effects of environmental and ecological disturbances on spore flow and deposition. Although active trapping methods are needed to quantify spore loads in equal volumes of air, deposition rate values obtained with passive trapping methods may be valuable if based on extensive and replicated measurements both in space and time. Consistent results across the landscape in fact, would indicate the observations are not affected by the variation known to be intrinsically linked to passive spore trapping methods.
In this study, we used a recently developed technique for prolonged spore trapping of F. circinatum (28) , and continuously sampled multiple sites over the course of 12 months in a native P. radiata habitat in the Santa Cruz Mountains and in a planted stand in the San Francisco Golden Gate National Recreation Area, in Northern California. The use of multiple trapping spots in each of two stands for each one of the sampled forests, and the fact that trapping surfaces were continuously exposed in each trapping point for 365 days, provided us with a solid tool to analyze that portion of the airspora of F. circinatum undergoing deposition in the two forests.
The objectives of this study were (i) to detect and quantify deposition rates of airborne inoculum of F. circinatum in two forests in Northern California, (ii) to determine the effect of seasonality on spore deposition, and (iii) to study correlation of spore deposition rate with distance from a putative source and with severity of symptoms.
MATERIALS AND METHODS
Field sites. The study was conducted in four plots, two located in an artificial Monterey pine stand within the Presidio, Golden Gate National Recreation Area, San Francisco, CA (SF) and two located in a native stand at the Swanton Pacific Ranch, Santa Cruz, CA (SC). The main characteristics of the field sites are listed in Table 1 . At both sites, disease symptoms were in general, low to moderate (symptoms were present on 25 to 50% of the crown of infected trees), and at each site one plot was characterized by moderate symptoms, while the other included some dead trees.
PPC symptoms in the area surrounding each spore trap were characterized as follows: S0, distance from spore trap to next Monterey pine >50 m: S1, Monterey pines close (<50 m) to spore trap, no visible symptoms (no brown flagging and pitching): S2, few symptoms; 1 to 5 twigs showing clear symptoms (brown flagging): S3, moderate symptoms; 5 to 15 twigs showing brown flagging, but no dead twigs: S4, severe symptoms; more than 15 twigs showing brown flagging and/or dead twigs: and S5, dead tree; tree without green parts, needles (if still present) were brown. Symptomatic branches were positioned predominantly at the middle and higher portions of the trees (approximately 10 to 20 m above ground).
Layout of the field experiments. Spore traps (28) were placed in two plots at each site. At each site, sampling points were located at 100 m intervals along two orthogonal transects, each 600 m in length, for a total of 13 sampling points per plot. The two transects cross each other at the center point (C), an area that was selected based on the presence of several Monterey pines showing moderate to severe symptoms of PPC (S3 to S4).
Vegetation type, canopy and slope. The distance to the next Monterey pine, the vegetation type, and the slope of the surrounding area and the canopy cover were recorded for each sampling point. Canopy cover was defined as the percentage of each spore trap that was shaded by overhanging tree crowns.
Meteorological data. Data on daily rainfall, high and low temperatures, and the prevailing wind direction were obtained from the UC IPM program for the two locations San Francisco and Santa Cruz (3) . Temperature data were converted to low, high, and average monthly values. The monthly precipitation values and average temperature maxima are shown in Figure 1 . Mixed (from 0 to approximately 100 years) paper (Whatman No. 1) were placed on wooden platforms (height, 1 m). To increase their trapping capacity, each filter paper was wetted with 4× TE buffer (40 mM of Tris-HCl, 4 mM EDTA; Sigma Chemical Co., St. Louis, MO). Samples were collected from the field after 2 weeks and processed in the laboratory. Spores from the filter paper were washed with 20 ml of hot (65°C) 4× TE buffer and resuspended by vortexing (maximum speed) for 5 min. The suspensions were spun down at 1,500 rpm for 90 min to concentrate the spores. After removing of the supernatant, DNA was extracted from the pellet (100 µl). To prove the efficacy of the spore harvest, 0.3 ml of the supernatant and the filter paper were plated on Fusarium-specific (28) medium, incubated at room temperature for 2 weeks, and inspected for fungal growth. DNA extracts of the spores were amplified using real-time polymerase chain reaction (PCR). The resulting threshold cycles (Ct) were used for quantification of the starting copy number of F. circinatum DNA in each reaction by interpolation with the standard curve of known DNA and spore concentrations (28) . The value obtained was multiplied times 131.6 to calculate the concentration of F. circinatum per m 2 (surface size of the filter: 0.0076 m 2 ). DNA isolation from spores. Spore suspensions (100 µl) were mechanically disrupted by shaking with glass beads (0.5 mm, Biospec Products, Inc., Bartlesville, OK) for 30 s. After adding 0.3 ml of CTAB extraction buffer, the samples were subjected to three freeze-thaw cycles (2 min on dry ice, 2 min at 75°C, repeated three times with the last thaw extended to 30 min). DNA was extracted using 0.35 ml of phenol-chloroform-isoamyl alcohol followed by purification using the Geneclean kit (BIO 101, Carlsbad, CA), according to instructions supplied by the manufacturer (28) .
Primers for the specific detection of F. circinatum. Specific primers for F. circinatum binding to the nuclear ribosomal intergenic spacer (IGS) region were developed by Schweigkofler et al. (28) and synthesized by Qiagen-Operon (Alameda, CA) ( Table 2 ). The amplicon size is 360 bp. The PCR mix consisted of the following ingredients: 12 µl of H 2 O, 2.5 µl of PCR buffer, 1.0 µl (50mM) of MgCl 2 , 2.5 µl of dNTP, 0.25 µl (50 mM) of primer CIRC1A, 0.25 µl (50 mM) of primer CIRC4A, 0.25 µl of Platinium Taq-Polymerase and 6.25 µl of DNA template. The cycling profile was: denaturation at 94.0°C for 180 s, followed by 45 cycles of 94°C for 35 s, 66°C for 55 s, 72°C for 50 s, final extension 72°C for 12 min.
Determination of mating type. The mating type was determined in a multiplex real-time PCR using the primers listed according to Covert et al. (9) and Wallace and Covert (30) (Table  2 ) (28) . The mating type primers are specific to Fusarium species closely related to F. circinatum (Gibberella group; 28).
Real-time PCR. Real-time PCR using both the CIRC1A/ CIRC4A and the mating type primers sets were carried out using the iCycler from Bio-Rad (Hercules, CA, [2] ). The SYBR-Green method used Sybr-Green I (Applied Biosystems, Foster City, CA) as a fluorescent dye which intercalates specifically with dsDNA during the extension phase of the PCR. For quantification of the starting amount of template DNA, the Ct for each sample was calculated. The Ct value, which is the cycle number when the fluorescence of SYBR-Green measured is significantly different from the background level for the first time, was calculated using baseline cycles 2 to 10. The Ct value is proportional to the logarithm of the initial DNA concentration. The data analysis window was set at 10% of a cycle and centered at the end of the cycle. Reaction conditions for real-time PCR: 8.0 µl of H 2 O, 2.5 µl of PCR buffer, 2.5 µl (50mM) of MgCl 2 , 2.5 µl of dNTP, 0.25 µl (50 mM) of forward primer, 0.25 µl (50 mM) of reverse primer, 1.25 µl of SYBR-Green, 1.25 µl of fluorescein (Bio-Rad, Hercules, CA), 0.25 µl of Platinium Taq-Polymerase, and 6.25 µl DNA template. Cycling parameters were as follows: 94°C for 180 s, followed by 45 cycles of 94°C for 35 s, 66°C for 55 s, 72°C for 50 s, followed by a final extension at 72°C for 12 min. Standard curves were calculated using DNA isolated from spore suspensions of F. circinatum NRRL 25331 (type strain, MAT-1) which has been grown on PDA for 4 weeks. Concentrations of 10 5 , 10 4 , 10 3 , and 10 2 spores per 100 µl were used. Three independent amplifications were conducted for each spore concentration. Melting curves were measured for 110 cycles of 10 s each, starting at 60°C and increasing by 0.3°C each cycle. The melt curve is displayed as the negative first derivative of the fluorescence versus temperature plot (-d(RFU)/dt) over temperature. The iCycler software identifies the melt peaks and assigns melting temperatures from this plot (2) . PCR products were subjected to gel electrophoreses by loading 5 µl of each PCR product onto a 1.5% agarose gel, running for 60 min at 20 V/cm and staining with Ethidium bromide prior to visualization under UV.
Statistical analyses. Spore deposition was evaluated in terms of (i) percentage of infected filter papers (trapping frequency [TF] ) and (ii) number of spores per m 2 per month (deposition rate [DR]). While DR provides information on the quantity of airborne spores, TF may be a more appropriate measurement when analyzing the spatial distribution of spore depositions within stands. Seasonal and site-specific values were compared using analysis of variance (ANOVA) and the Tukey's honestly significant difference (HSD) test. Pair-wise comparisons were done with the Student's t test. Linear regression analyses were performed to study the correlation between DR, TF, and rainfall, average maximum, average minimum temperatures using the least square criterion, and excluding replicates for which DR or TF values were zero. Statistical analyses were performed using the software SPSS 12.0G. (SPSS Inc., Chicago, IL).
RESULTS
Spore trapping using filter paper. Filter paper (Whatman no. 1) was stable for 2 weeks in the field without showing physical degradation during the dry season (May to October). Out of 624 filter papers, 617 (98.9%) could be used for spore isolation; the seven missing filter papers (1.1%) were presumably removed by strollers in the Presidio National Park (SF). During the rainy season (November to April) 30 filter papers (4.8%) could not be analyzed due to physical damage. One spore trap (Site II-AN3) was crushed by a falling tree in March 2004 and had to be replaced. More physical damage of sampling traps was observed in SC (4.0%), than in SF (1.9%), especially in the more densely forested areas. Detection of F. circinatum spores and deposition rates (DR) measured using real-time PCR. Airborne inoculum of F. circinatum was detected at both sites in all four plots ( Table 3 ). The trapping frequency (TF) over the 12-month period for any given spore trap varied between 0 and 47.8%. No Fusarium DNA was detected on 7 out of 52 spore traps (13.5%), at the remaining 45 points, 1 to 11 positive samples were detected, corresponding to a TF of 4.2 and 47.8%, respectively. In general, higher TF values were found in San Francisco (17.5%, N:108) than in Santa Cruz (11.2%, N:58) (P < 0.05). Monthly TF values are shown in Figure  1A . Ct of positive samples are listed in Table 3 . Single Ct values were in the range from 24.4 (February, SC-A plot) to 38.2 (June, SC-B plot), with most Ct values between approximately 27 and 32 (Table 3) , which corresponds to a spore difference of approximately two orders of magnitude (28) . Deposition rates per month for each plot (derived from the calibration curve of Ct against spores) are shown in Figure 1B . Average DR values were 108 spores/m 2 × 10 3 (SD = 232) for SF and 23 spores/m 2 × 10 3 (SD = 29) for SC. Statistical analyses indicated that the difference between the two was significant at P = 0.07; the moderate statistical significance of this comparative analysis was due to the high SD values of this data set.
Mating type. The mating type was determined from all samples which were positive using the CIRC1A-CIRC4A primers. All samples belonged to mating type MAT-1. Comparison of the Ct values using the F. circinatum specific primers (multi-copy target gene) versus the Gibberella group-specific primers (single copy target gene) did not give an indication for the presence of closely related Fusaria beside F. circinatum in the spore traps (data not shown).
Seasonality. Trapping frequencies (TF) and deposition rates (DR) at the four plots were measured for each month separately (Fig. 1) . Monthly precipitation rates vary considerably on the California coast (Fig. 1A) , with the bulk of rain falling between late October/early November and late March/early April. TF at both sites showed significant variation over time, and some of the monthly differences were significant (Fig. 1A ) (HSD test, P < 0.05).
At both sites, trapping frequency was higher during the wet season than the dry season (31 and 10% in San Francisco, (P = 0.01), and 15 and 6% at Santa Cruz (P = 0.01). These seasonal differences occurred despite two exceptional sampling months. In San Francisco in the dry season when TF values ranged between 0 and 5%, TF was high in August (16%), even in the absence of rain. In Santa Cruz in the wet season, no spores were trapped in January, despite the presence of substantial rainfall (85 mm).
Regression analyses for DR and TF against meteorological data gave similar results, and only those obtained with TF are presented here. TF values were positively correlated with increasing rainfall, and negatively correlated with average maximum temperature in both forests (Fig. 2) . Regression analyses also indicated that TF values were negatively correlated with average minimum temperatures, but P values were not always significant, ranging between 0.04 and 0.17 for SF and SC, respectively.
Other factors. Although the TF of F. circinatum aerial spores was highest (25.8%) at the four putative sources of inoculum, there were no significant differences in spore numbers trapped at greater distances from them (TF averaged 12.75, 10.75, and 13.00 at distances of 100, 200, and 300 m, respectively; P = 0.268). High TF (48%) and DR (145 spores/m 2 × 10 3 ) values were recorded in one trap (site I-BE3) located more than 200 m from any Monterey pine.
There was also no significant effect of wind direction on TF. The main wind direction in all four plots is from the West, and TF on the four West-East transects did not show any significant difference between traps to the east of the putative source of inoculum and those to the west (P = 0.450). There was no significant difference between TF in spore traps in "open meadows" (with no adjacent trees or shrubs), and traps where the trap surface was close to a tress canopy (average values for TF were 3.0 and 3.3, respectively, for traps with and without canopy P = 0.440).
DISCUSSION
Quantitative analyses of airborne inoculum over an extended period of time are essential for epidemiological studies, but still not common in forest pathology (18, 28, 29) . Because of the intrinsic difficulty of obtaining objective measurements of spore density in the air in a forest setting, we developed a method that would enable us to evaluate spore deposition rates at a significant number of points per study site, continuously for an entire year. In this study, we present the first continuous long-term measurement of spore deposition rates of F. circinatum, the causal agent of PPC in the field.
By sampling a total of 52 points, we were able to test the influence of a variety of geographical, vegetational, and climatic parameters on TF and DR. The stability of the filter papers in the field was sufficient to allow for prolonged sampling (1 year at 2-week intervals). Data from this study show that the sampling assay used here was not affected by the amount of canopy cover at the sampling points, hence the method proved itself to be robust enough to compare deposition rate values at varying distances from known sources of inoculum across the landscape, independent of cover. All inferences made here are based on replicated data (multiple trapping points) and using cumulative values of spore loads deposited on the traps in the course of a month. We believe that such spatial and temporal replication allows for robust conclusions on the differences in deposition rates recorded in the course of the study. For instance, conclusions regarding temporal fluctuations in overall infection frequency and deposition rate values are based on data from all 52 trapping points.
Regression analyses highlighted a significant negative correlation between temperature and TF, and a positive correlation between rainfall and TF. It should be noted that the two variables, rainfall and temperature, expectedly are not independent, and that at the study sites a strong correlation was recorded between cooler temperatures and higher rainfall (e.g., for San Francisco, negative correlation between maximum temperature and rainfall had P = 0.0006, and R 2 = 0.71). In line with the regression results, higher spore counts, both in terms of frequency and cumulative deposition rates, were detected during the cool rainy season (November to April). This finding is in agreement with the requirement for elevated moisture for spore production of Fusarium species (12, 35) and most plant pathogens. An analysis of temperature and precipitation charts for Northern California in 2003 to 2004 pointed to a clear demarcation between a cool rainy season (November to March) and a warm dry season (April to October) (Fig. 1) .
The lack of any spore deposition in Santa Cruz in January, in spite of abundant rainfall, indicated the presence of a limiting factor other than moisture levels. A close observation of climatic data charts showed no significant differences between the sites in precipitation, high or average temperatures, but identified significant differences in low temperature values (P < 0.001). The average monthly low temperature values were 4.4°C (SD = 4.9) and 7.0°C (SD = 2.9) for Santa Cruz and San Francisco, respectively. In Santa Cruz, 12 days in January recorded daily low temperatures below 4.4°C, while in San Francisco there were only 3 days with low temperatures below 4.4°C.
Furthermore, regression analyses between TF and average minimum temperatures were not significant (P = 0.17) for Santa Cruz, suggesting that the inverse relationship detected between maximum temperatures and TF, may not apply when temperatures approach 0°C. On the coast of Central California, rarely do average maximum temperatures go below 10°C, but as recorded during our study, minimum temperatures are more likely to reach values around 0°C in the region. We suggest a threshold effect, noticeable when minimum temperatures approach the zero (i.e., while sporulation may be favored by wet and cool conditions, as indicated by results of regression analyses between average maximum temperature and TF values, it may actually be inhibited if it gets too cold). Another notable exception to the general pattern of sporulation here described is represented by the high TF values recorded in San Francisco in August, in the absence of any rainfall. We suggest this unusual sporulation level may have been linked to the presence of persistent oceanic fog at the study site during that month. Because oceanic fog is one of the most common characteristics of the climate along the coast of California, summer sporulation may be frequent in conjunction with months characterized by heavy fog.
Our data thus indicated that sporulation (i) is enhanced during cool-wet conditions, (ii) does not occur in cold-wet conditions when average minimum temperatures approach the zero, and (iii) may occur in warm conditions in the absence of rainfall if high humidity is caused by coastal fog. These observations may have significant implication in the prediction of the spread of the disease in Northern California and suggests PPC disease epidemics may occur in areas with mild wet winters or wet summers. Seasonal variations in levels of deposition rates of F. circinatum have been previously reported (8, 28) . The data from the current study matches the preliminary data presented in Schweigkofler et al. (28) , considering that both studies used the same sampling approach and were performed at similar sites in the San Francisco Bay area, the two data sets combined provide solid evidence on the seasonal, weather-induced variations in spore deposition rates of this pathogen. The reason why TF and DR values were often significantly higher in SF is not clear: because PPC has arrived at that site more recently, it may still be in exponential phase of spread at that location. Alternatively or additionally, the fact that the site at SC was located in a native P. radiata stand, may indicate that native stands are more resilient to infection by this pathogen, as suggested elsewhere (16) . Finally, mesoclimatic environmental conditions and forest stand characteristics not identified in this study may differently influence disease progression at the two sites.
Our data indicated that spore densities were extremely variable among sampling points, suggesting a strong local effect on spore deposition rates, and reinforcing the need for inferences to be based on values averaged across multiple trapping points. Traps placed near trees judged by us as displaying intermediate symptoms, were characterized by DR values higher than those near trees displaying either low or high intensity of symptoms. These results support an epidemiological pattern of infectivity levels at first increasing, as the disease takes over the host, and then decreasing, when the host, in its final stages of disease, becomes less than optimal to support sporulation of the pathogen.
Because our plots were centered in the vicinity of moderately symptomatic trees, deposition rates were higher at the center of our plots than along transects. High aerial concentration of spores of plant-pathogenic fungi at the source of inoculum is well documented (5, 6, 21) , but the estimated dispersal distances vary considerably. The detection of high concentrations of spores hundreds of meters from any known host plant (P. radiata) indicated the presence of wind dispersal over at least midrange distances (several 100 m). Once in a strong air stream, movement of some fungal spores can reach up to 1,000 km and more. For instance, windborne spores of Cronartium ribicola, the cause of white pine blister rust, have been found up to a distance of 1,300 km from the next known source of inoculum (34) . Although our study was not designed to test for long-distance dispersal, the retrieval of spores hundreds of meters away from any inoculum source appears to be in striking contrast with the limited dispersal ability of rain splash fungi and of fungi that sporulate on the ground such as Venturia inaequalis, Botryosphaeria dothidea, and even some Fusarium spp. (e.g., F. culmorum and F. poae) (1, 20, 21, 22) . Although we were not able to detect a significant correlation between prevailing wind direction and inoculum load, our results were probably inconclusive because of the high level of background inoculum at our study sites. Different approaches including active sampling methods and shorter sampling times are needed to investigate the role played by wind and to fully elucidate the inoculum dilution patterns of this pathogen.
F. circinatum is heterothallic and has a sexual stage in Gibberella circinata, but only little is known about the role of the teleomorph for the epidemiology of PPC. Asexual propagation of F. circinatum via conidia seems to be prevalent in the study areas, as indicated by the fact that only mating type MAT-1 was detected.
Despite considerable concern about the environmental and economic impact of PPC, relatively little is known about natural dispersal of the causal pathogen and the infection process. Several insects native to California, especially twig beetles belonging to the genus Pityophthorus (Coleoptera: Scolytidae) have been shown to carry F. circinatum (16) . One to several generations of beetles are produced each year in California, depending on species, elevation, and latitude (34) . Pityophthorus spp., induce wounds on Monterey pines, which could act as infection sites for the high numbers of airborne F. circinatum spores found in California forests as documented in this study. Clear evidence pointing to a strict vectoring role played by this and other insects is currently missing. Comparative studies on inoculum loads carried by insects versus inoculum loads in the air are needed to assess the relative importance of either putative sources of infection.
In summary, the detection of a single mating type at the study sites implies pathogen dispersal occurs via conidia rather than sexually produced ascospores, shows higher spore deposition rates in conjunction with cool-wet periods, indicates no spores are deposited when low temperatures reach freezing values, links higher infectious stages with intermediate host symptoms, and shows airborne conidia can travel at least a few hundred meters The results presented here may be useful to model patterns of spread of F. circinatum on the West Coast of North America and elsewhere, and to predict fluctuations in populations of the pathogen dependent on weather patterns and on symptoms of host trees.
